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Abstract
By using dynamical techniques of the plasma physics, the neutrino effective charge in a plasma is determined here. Its value
is determined by the plasma collective processes. The present theory gives a unified picture of the problem, and it also shows
that the contribution of the proton motion can be very important, even if the direct weak interaction between neutrinos and
protons is negligible. This results from the electron–proton correlations which are dominant in the low-frequency limit of the
equivalent charge spectrum. Comparison with some of the results from the quantum field theory has been established.
PACS: 13.15.+g; 14.60.Lm; 97.10.Cv; 97.60.Bw
1. Introduction
Collective neutrino-plasma interactions have been
recently considered in the literature [1]. It is now com-
monly believed that they are an important ingredient
in the processes leading to neutrino energy losses and
to the shock formation in supernova explosions [2,3],
and they can also perhaps explain the formation of pri-
mordial magnetic fields and structures in the early uni-
verse [4,5]. Of particular interest is the concept of the
neutrino effective (or equivalent, or induced) charge
in a plasma, which independently emerged from phe-
nomenological plasma physics calculations [6,7] as
well as from a more evolved finite temperature field
theory [8–11].
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In this Letter, we present a calculation for the
neutrino equivalent charge by using a simple plasma
physics approach. Our aim is not only to compare our
results with those of the quantum field theory but also
to discuss the influence of ions (protons) on the low-
frequency response of the plasma to the neutrino flux.
It will be shown that, even if at a first sight such a con-
tribution seems negligible because the electron neutri-
nos do not directly interact with protons, it can be rel-
evant and even become dominant in the low-frequency
limit, since the motion of electrons is strongly corre-
lated with ions due to the space charge electric field.
2. Basic equations
Let us assume a neutrino gas moving through a
background electron–ion plasma. The fluid equations
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for the electron and ion (proton) populations, for non-
relativistic and isotropic plasmas, are
(1)∂nα
∂t
+∇ · nα vα = 0,
and
(2)∂ vα
∂t
+ vα · ∇vα = qα
mα
E + Fαν − S2α∇ lnnα,
where α = e, i (p) stands for the electrons and ions
(protons), and the space charge electric field ( E) is
determined from Poisson’s equation
(3)∇ · E = 1
0
∑
α
qαnα.
The neutrino force per-unit mass is determined
by [5]
(4)Fαν = Gαν
mα
( Eν + vα × Bν),
where we have denoted
(5)Gαν =
√
GF
[
δαeδανe +
(
Iα − 2Qα sin2 θW
)]
.
Here Iα is the weak isotropic spin for the particle
species α, Ie =−1/2 and Ip = 1/2, and Qα = qα/e is
the normalized particle charge, i.e., Qe = 1 and Qp =
−1. Assuming the standard value for the Weinberg
angle, such that sin2 θW = 0.23, we conclude that
Geν 
√
2GF and Gpν  0, where, of course, the
constant GF  9×10−38 eV cm3 is the Fermi constant
for weak nuclear interactions.
The effective electric and magnetic fields appearing
in Eq. (4) are determined by
Eν =−
(
∇Nν + 1
c2
∂ Jν
∂t
)
,
(6)Bν = 1
c2
(∇ × Jν),
where Nν and Jν are the neutrino density and the
neutrino flux, respectively. These two quantities are
related by the continuity equation
(7)∂Nν
∂t
+∇ · Jν = 0.
It should be noticed that the quantity Gαν , defined by
Eq. (5), has the dimension of an electric charge and
could be considered as a neutrino effective charge [5].
But here we will reserve this name to the spectral
neutrino charge, which appears in the electric charge
and current densities induced by the neutrino gas in a
plasma, as will become apparent below. This effective
neutrino charge measures the strength of the collective
coupling between the neutrinos and the background
plasma.
3. Direct electron contributions
Let us first review the results that are known for
isotropic plasmas, but using here a different approach.
For simplicity, we will assume that the ions (protons)
are at rest and neglect the neutrino vorticity (∇× Jν 
0). Linearizing the above equations, we obtain for the
perturbed electron plasma number density, n˜ = ne −
n0, the following evolution equation
(8)∂
2n˜
∂t2
= S2e∇2n˜−ω2pen˜−
√
2n0
me
GF∇ · Eν.
In general, we can consider the spectral fluctuations
of the neutrino population N˜ν(ω, k ), such that
(9)
Nν =
∫
d k
(2π)3
∫
dω
2π
N˜ν
(
ω, k )
× exp(ik · r − iωt).
For the electron density perturbations n˜(ω, k ) as-
sociated with each spectral component of the neutrino
density fluctuations, we can write from Eqs. (8) and (7)
(10)n˜=√2GF n0
me
(k2 −ω2/c2)N˜ν
ω2 −ω2pe(1+ k2λ2De)
,
where λDe = Se/ωpe is the electron Debye radius.
Associated with this electron density fluctuation there
is an electric charge fluctuation −en˜, which appears
in Poisson’s equation as a source of the plasma
potential perturbation. But we can see from the above
expression that this electric charge is proportional to
the neutrino density fluctuation, which means that the
constant of proportionality can be interpreted as an
effective (or equivalent) neutrino charge. We can thus
establish the identity
(11)−en˜= qνN˜ν .
This new quantity depends on the frequency and the
wavenumber of the neutrino density fluctuation, and it
has to be interpreted as a spectral effective charge. Its
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value is determined by
(12)qν =
√
2GF
en0
mc2
(ω2 − k2c2)
ω2(ω, k)
,
where (ω, k) is the plasma dielectric constant such
that
(13)(ω, k)= 1+ χ(ω, k),
with the electron susceptibility
(14)χ(ω, k)=−ω
2
pe
ω2
(
1+ k2λ2De
)
.
In the high-wavenumber limit (or short wavelength
limit) k2c2  ω2, the expression for the neutrino ef-
fective charge agrees with that obtained by Tsintsadze
et al. [7] for a plasma kinetic description. It can also
be reduced to other previous results, if we take appro-
priate limits, as shown in the following. Let us first
assume the quasi-static limit
(15)ω→ 0.
Eq. (12) then reduces to
(16)qν =
√
2GF
0
e
k2
(1+ k2λ2De)
.
In the short wavelength limit k2λ2De  1, this positive
value for the neutrino equivalent charge coincides
with the results of the quantum field theory for
massless neutrinos with left-handed helicity [10]. It
should however be noticed that, in Ref. [10], the
limit ω→ 0 was identified with the long wavelength
limit (k→ 0), because the plasma fluctuations were
associated with a photon field. Here, in contrast, we
deal with electrostatic fluctuations where the limit
ω→ 0 cannot be automatically associated with k→ 0,
as for instance, in the case of quasi-static space charge
fluctuations. If we now assume the high-frequency
limit
(17)ω2  ω2pe,
we obtain from (12) a neutrino charge
(18)qν =−
√
2GF
0
e
k2p
(
k2c2
ω2
− 1
)
,
where we have used kp = ωpe/c. This result agrees
with and generalizes that obtain by Mendonça et al. [6]
for an electromagnetic plasma model. It should also be
noticed that, for very high frequencies and very high
wavenumbers such that ω2  k2c2, the value of the
neutrino equivalent charge given by Eq. (12) reduces
to zero, viz. qν  0. This simply means that in the
absence of the plasma, or when its influence on the
fluctuations becomes negligible, the effective neutrino
charge disappears.
This discussion clearly shows that for collective
neutrino-plasma interactions the plasma physics meth-
od can easily reproduce and generalize the results of
the quantum field theory, by using a much simpler
approach. It will be shown next that the influence of
the ions on the neutrino equivalent charge can also
be included in the present approach. At first sight we
could conclude that such an influence is negligible
because the weak force only couples the electron
neutrinos to the plasma electrons. But the electron
motion is strongly correlated with ions in the low-
frequency limit via the electrostatic potential and the
contribution of the ions can become dominant, as will
be shown in the following section.
4. Indirect proton contributions
Let us then retain the motion of ions, which
becomes important for the low-frequency spectrum of
oscillations, such that ω ωpe. In this case, we return
to Eqs. (1), (2) and write, after linearization
(19)∂
2n˜e
∂t2
−ω2pe
(
n˜i − n˜e
)− S2e∇2n˜e =∇ · Feν,
and
(20)∂
2n˜i
∂t2
+ω2pi
(
n˜i − n˜e
)− S2i ∇2n˜i = 0.
After carrying out a space–time Fourier transfor-
mation, we easily obtain
(21)
[(
ω2pe + k2S2e −ω2
)
− ω
2
peω
2
pi
(ω2pi + k2S2i −ω2)
]
n˜e = ik · Feν .
Using the definition of the neutrino force (4) and
the charge equivalence condition (11), we can then
establish an expression for the neutrino spectral charge
66 J.T. Mendonça et al. / Physics Letters B 548 (2002) 63–67
where the ion contributions are included. We have
(22)qν =
√
2GF
en0
mec2
(ω2 − k2c2)∆i
(ω2peω
2
pi −∆e∆i)
,
where we have introduced the notation
(23)∆α =
(
ω2pα + k2S2α −ω2
)
.
Let us assume low-frequency oscillations of the
plasma medium associated with the neutrino flux, such
that ω2  k2c2, and focus on the ion-acoustic spectral
region where we typically have k2S2i  ω2  k2S2e .
We then obtain
(24)qν 
√
2GFn0ek2
mi(ω2 − k2c2s )
,
where the ion-acoustic velocity is determined by c2s =
S2e me/mi . The electron to ion mass ratio is denoted
by me/mi . For very low frequencies, this is a negative
effective charge, which is independent of k and only
depends on the ion-acoustic speed. Notice that this
limit is very close, in physical terms, to that considered
by the quantum field theoretical approach, which
corresponds to ω→ 0. The remarkable result obtained
here is that the effective neutrino charge is dominated
by the ion correlations, even if the ions (or protons) are
not directly coupled to the neutrino field by the weak
nuclear interaction. This result can be rewritten in a
more appropriate way as
(25)qν =−Zνe,
where, after reintroducing the Weinberg mixing angle
and assuming ω2  k2c2s , we obtain for the neutrino
electric charge number Zν the expression
(26)Zν =
√
2GFn0
2mic2β2s
(
1+ 4 sin2 θW
)
.
In order to estimate the importance of this neutrino
charge, let us consider typical plasma parameters
for a supernova, viz. n0  1030 cm−3, βs = cs/c 
10−2 and, of course mic2  1 GeV. We then eas-
ily obtain Zν  6.0 × 10−13, which gives a very
small neutrino induced electric charge when com-
pared with the elementary electron charge, e. How-
ever, this value is remarkably high, given that the neu-
trino has no electric charge in vacuum and that the in-
teractions with the surrounding plasma are mediated
by the weak nuclear force. Moreover, the ion contri-
butions become dominant in this very low-frequency
limit.
5. Conclusions
The neutrino effective charge in a plasma has
been calculated here by using the plasma physics
approach. Its value is determined by the plasma
collective processes. Comparison with the results from
the quantum field theory has been established and
some of their main results have been recovered when
the motion of the ions is neglected. A full detailed
comparison with the thermal field theory results will
be presented elsewhere.
The present Letter provides a unified picture of the
induced neutrino charge, and it also shows that the
contribution of the ion (proton) motion can be very
important even if the direct weak interaction between
neutrinos and protons is negligible. This results from
the electron–ion correlations which are dominant in
the low-frequency limit of the effective charge spec-
trum. Particularly large values of the neutrino effec-
tive charge are obtained in the limit of low-frequency
oscillations where it can attain 10−13 of the elec-
tron charge, which is remarkable for particles with
no electric charge in vacuum and for processes that
are governed by the weak nuclear interaction. Such
high values indicate that the neutrino can easily cou-
ple to the electrostatic ion-acoustic oscillations of the
plasma, and eventually loose energy due to the non-
linear process. Furthermore, we have shown that the
contributions of the protons to the neutrino charge
are dominant in the low-frequency limit. Hence, the
present investigation illustrates the fundamental as-
pects of the collective neutrino plasma interactions
from the plasma physics view point. Finally, we men-
tion that the nucleon contribution to the neutrino elec-
tromagnetic vertex in matter has been calculated by
D’Olivo and Nieves [12]. The influence of a non-
zero neutrino rest mass can easily be included in the
present formulation if the neutrino vorticity (∇ × Jν )
and other electromagnetic effects neglected here are
taken into account. We plan to carry out a detailed in-
vestigation of the neutrino electromagnetic properties
using the semi-classical techniques that we have de-
veloped.
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